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Absfmcf-This paper describec the implementation of an 
autonomous navigation system onto a 30 tonne Load-Haul. 
Dump truck. The control architecture is based on a robust 
reactive wall-following behaviour. To make it purposeful we 
provide driving hints derived from an approximate nodal. 
map. For most of the time, the vehicle is driven with 
weak localization (odometry). This need only be improved at 
intersections where decisions must he made - a technique 
we refer to as opportunistic localization. The truck has 
achieved full-speed antonomous operation at an artificial test 
mine, and subsequently, at a operational underground mine. 
I. INTRODUCT~ON 
Mining is an important global indusny that has so 
far exhibited a slow uptake of robotics and automation 
technology -but this is beginning to change. The main 
driving forces for this industry are a need for increased 
productivity, societal demands for safer workplaces, an 
aging work-force, and declining value (in real terms) 
of its products. To date, productivity increase bas been 
achieved through mechanisation, moving from human and 
animal power early last century to present-day electric 
and diesel powered machines. Machines have become 
progressively larger and more powerful but practical limits 
are reducing the rate of growth. Automation has been 
identified as the most likely means to attain the next 
quantum jump in productivity and safety since sensing, 
control and computing technologies are advancing rapidly. 
One of the key issues for underground automation is 
navigation. A review of appropriate navigation tecbniques 
is presented in [l] and [2]. Both absolute and reactive 
navigation techniques have been, and are being developed 
to guide autonomous vehicles in mine tunnels. Absolute 
navigation techniques that rely on detailed a priori maps 
are probably not viable in the mine tunnel application. 
By their very nature, mines change every day and to 
rely on old maps is hazardous. Simultaneous localization 
and mapping (SLAM) techniques provide a nice solution 
in that maps are generated and updated continuously. In 
this respect SLAM is bringing active perception concepts 
into the absolute navigation framework. However, SLAM 
systems are in their infancy and have not been tested in 
the mining environment. A very real problem with this 
technique is with long Straight tunnels which provide no 
natural topographical feahues to robustly detect and track. 
In contrast, reactive navigation is ideally suited to the 
underground mining environment. In the last decade there 
have been a number of attempts to use reactive navigation 
on LHDs, notably there have been systems that required 
“rail-guides” to assist with navigation [3]. A navigation 
system that relies upon wall-following has a significant 
advantage over “rail-guided“ systems because it has the 
potential to operate with no guidance infrastructure (apm 
from the walls). This leads to lower installation and 
maintenance costs which can be significant over large 
areas of a mine. The wall-following technique used in our 
system is described in 141. 
For the vehicle to perform useful tasks, the low-level 
reactive wall-following behaviour must be augmented with 
a purposeful strategic behaviour [SI. Typically this would 
be achieved by knowing the location of the vehicle in 
the mine. In this paper, we will demonstrate that it is 
not always necessary to know the exact location of the 
vehicle. The classical question “Where am I?” can be 
answered simply by ‘In a tunnel! Heading for the next 
intersection.”. This makes sense from everyday human 
experience where we drive to an unfamiliar location, not 
hy following a trajectory of spatial coordinates, hut by 
a road-Following behaviour combined with recognition nf 
intersections at which appropriate decisions are made. In 
this scenario, the vehicle Reed only determine its location 
whenever the opportunity arises - a concept we refer to 
as opportunistic localization. 
. .  . .  
11. IMPLEMENTATION 
In 1996 we conducted a number of field trials at a mine 
in Queensland, Australia [6]. Data were collected from a 
number of sensors mounted on an LHD with the aim of 
determining which sensors performed best underground. It 
was found that the 2D laser scanner was an ideal primary 
navigation sensor in the underground environment. In July 
1998 we began an industry funded project to develop an 
autonomous navigation system for an LHD which was 
field tested in July 1999. 
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A. Auiomaiion architecture 
We were fonunate in being able to “piggy-back” the 
automation system onto an existing tele-operation sys- 
tem which provides an excellent substrate for automation 
since: . there is only one point of control; 
the electrical interface necessary to control the vehi- 
. the safety systems built into the tele-operation sys- 
. the vehicle can be switched back to the underlying 
This last point is particularly imponant because it means 
the vehicle can still be used for operations that have 
not been automated yet (i.e digging), and it enables the 
recovery of the vehicle if the automation system fails in a 
hazardous environment. Our automation system comprises 
three functional software layers: 
cle already exists; 
tems can be used; and 
tele-operation mode. 
1) Strategic: This layer determines when and where the 
vehicle will perform an action based upon a list of hints 
- defined by the selected route. To do this, the strategic 
layer must be able to estimate the approximate position 
of the vehicle. This knowledge is used to influence the 
behaviour of the vehicle through hints (i.e. driving and 
turning strategies) which passed down to the tactical 
layer. Since this layer has some expectation’ that it is 
approaching a node, e.g. an intersection, it can use this 
knowledge to %sist in its recognition. 
21 Tactical: This layer obeys strategic driving hints and 
actually “drives” the vehicle whilst avoiding the tunnel 
walls. The desired vehicle path is estimated with active 
contours that follow the walls. The tactical layer has no 
knowledge of the location of the vehicle with respect to 
a global coordinate frame, it simply senses and reacts to 
the walls. It sends steering and speed set-points to the 
operational layer. 
3) Operational: This layer contains the control loops 
that convert steering and speed set-points into low-level 
machine input signals that control functions such as throt- 
tle, gear box, brake and articulation joint hydraulic rams. 
This control architecture allows various modes of oper- 
ation (Figure 1). The original mode of operation is the 
manual mode, where the vehicle is controlled by an 
operator who is sitting in the driver’s seat. The second 
mode is the remote mode, where the vehicle is controlled 
with a joystick via a tele-operation system. .In the first 
of the computer controlled modes, the by-wire mode, 
the operational layer accepts speed and steering set-points 
from the operator and hides the actual dynamics of the 
machine. In the co-pilot mode, the tactical layer controls 
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Fig. 1. Operational modes of the system. 
Fig. 2. Layout of the test mine. 
both speed and steering of the vehicle. The operator acts 
as a co-pilot and provides hints to the tactical layer which 
will influence behaviour at decision points. And finally, 
in the autonomous mode, the strategic layer interprets a 
mission and generates the appropriate hints to the tactical 
layer, which in tum generates the appropriate speed and 
steering demands to the operational layer. The vehicle is 
given a mission by the operator, who subsequently, bas no 
influence over the vehicle’s driving behaviour. 
B. Development envimnment 
Our development environment includes a 30 tonne 
LHD and an artificial test mine constructed from shade- 
cloth (Figure 2). The roadway is 30Om in length and 
contains curves, sharp comers, a loop and a large “room” 
(simulating an underground workshop). The shade cloth 
walls are opaque to the lasers and transparent to radio 
frequencies. Thus, it was possible to develop the system 
using a standard low-cost wireless high-bandwidth local 
area network (LAN). 
C. Missions, mutes and nodes 
To perform useful tasks, the vehicle must perform a 
sequence of actions. A sequence of actions is defined by 
a mission. Missions are loaded and monitored using a 
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remote graphical user interface. There are three actions 
that the vehicle must perform; driving (along a route), 
dumping and digging. 
A nodal-map of the mine can be constructed from a 
traditional map of the mine, or it can be constructed by 
driving the vehicle along the path and observing the local 
environment. Nodes are typically identified as points that 
have obvious natural features. A nodal-map of our test 
track is shown in Figure 3. Here the nodes are represented 
by circles and the lines that link nodes are called segments. 
A route is defined by a list of nodes that the vehicle must 
pass through. For example, the route from the start of the 
track to the stop-log via the loop, would be defined by the 
list of nodes: NI N2 N3 N4 N5 N5 N4 N3 N2 N6. 
Fig. 3. Nodal map of lest mine. 
To assist the tactical layer, the route contains a number 
of hints. These hints are only appropriate along specific 
sections of the track. After driving the LHD in CO-pilot 
mode a few times it is possible to estimate the optimal 
driving strategies. This is analogous to creating pace notes 
for rally driving. 
D. Odometty 
We use odomeay to provide an estimate of distance 
travelled along each segment (path between one node and 
the next). This is used to: 
1) give some indication of distance remaining to the 
next node, and to flag an error if the expected node 
has not been found within a certain tolerance, 
2) schedule driving hints such as maximum speed, keep 
left, keep right etc. 
Odometry is a sensor that is poorly regarded within 
the outdoor mobile robotics literature. While the problems 
of slippage and wheel radius estimation are real, the 
difficulues a e  perhaps exaggerated. For our application, 
a 30 tonne vehicle, operating on din roads we have found 
odomeay errors to be less than 1 %. Our odomeuy is 
based on drive shaft rotation and calibrated to distance 
travelled. Clearly this calibration will change with time 
but a simple leaming rule, based on odometer reset errors, 
could be used. This is in contrast to approaches such as [7] 
where 'wheel radius' is estimated online, but also includes 
lumped model error. 
(a) start. (b) 4way. (c) workshop. 
(g) workshop. (h) left at 4way. (i) stop-log. 
Fig. 4. Laser profile of forward mule. 
111. EXPERIMENTAL RESULTS 
A. Test mine results 
To test the performance of the autonomous LHD, a 
mission was constructed that simulated a typical task of 
an LHD in a real mine. Ihe mission consisted of a route 
from a digging position-to a dumping position, followed 
by a dumping action, which in tum was followed by the 
reverse route from dump to digging positions. The forward 
(dig-to-dump) route is shown by the mows in Figure 3. 
Figure 4 shows the dig-to-dump route in a series of "snap- 
shots" constructed from the laser dah. 
During a mission the odometq of the LHD was auto- 
matically corrected at each node. The size of the correction 
ranged from a few centimetres (when the LHD was trav- 
elling slowly) to a few metres (when the conditions were 
muddy with increased wheel slip, or when the vehicle was 
travelling quickly and became airborne). 
To gauge the performance of the automated LHD it 
is useful to compare it to a human driver performing 
the same mission. A comparison between the speed of 
the vehicle under manual and automatic control is shown 
in Figure 5, where the range (x-axis) is defined as the 
distance from the starting position. In the upper plot the 
vehicle travels in the forward direction i.e. the speed is 
positive and the vehicle moved from 0 to 300% while in 
the lower plot the vehicle travels in the reverse direction 
i.e the speed is negative and the vehicle moves from 300m 
back to Om. From this comparison a number of points can 
be made: 
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Fig. 5 .  Speed of manual and automatic driving. 
In the first ZSm, as the LHD tums the first sharp 
left hand comer, its speed was fixed at S a ,  while 
the human driver took a more aggressive speed of 
I O W .  
Once the comer was successfully negotiated, the 
LHD was driven at maximum speed. The actual speed 
was determined by the ground conditions. There was 
very little difference in the speed between manual 
and automated control. 
At the 6nal comer, the LHD must be prematurely 
slowed for the front laser to see the comer and be 
given enough time to act. 
A comparison between the steering of the vehicle is shown 
in Figure 6, from which the following observations can be 
ma&. . At 20m and 280m the LHD articulated to full left 
lock as it negotiates the 4WAY intersection in both 
manual and automatic runs. 
At 15Om the LHD articulated 20" to the right around 
the back of the loop in both manual and automatic 
NnS. 
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Fig. 7. Distance to walls ai high speed 
Along the straight sections there was considerable 
oscillation in both manual and automatic runs. This 
was due to the rough nature of the track. 
In the forward direction (upper plot) the first left hand 
tum was taken earlier by the human driver, while the 
last turn was taken at the same range. 
On the return route (lower plot) the situation was 
reversed. The first right hand tum was made at the 
same range, while the last right hand mm was made 
late. 
The delay in turning is related to the interpretation of free 
space by the tactical (wall-following) layer and by the fact 
that the laser cannot see around the comer. This delay 
limits the speed at which the automation system can he 
used around such sharp comers. 
Figure I shows the clearance between the LHD and 
the tunnel wall for the cases of manual and automation 
operation, from which the following observations can be 
made: . The noise in the range data was due to either holes 
in the shade-cloth, or reflected light from dust. . The difference-in the horizontal position of features 
(i.e. entrance to workshop) was due to slip and the 
orientation of the LHD. . At 15Om. in the fonvanl direction, the LHD under 
manual control tended to hug the left hand wall of 
the loop, while the automated system remained in the 
centre of the tunnel. 
To summarise, the LHD was reliably driven along 
a 300111 mute, which included two 90" comers and a 
sweeping loop with a radius of curvature of less tham 
8m, at speeds up to 18kmh. The vehicle has operated for 
over an hour at a time without any human intervention. 
Under most conditions the LHD was driven au- 
tonomously at the same speed as a human operator. 
Subjectively, the LHD under autonomous control takes 
a better line, and reacts faster than a human operator. 
m a  
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Fig. 8. LHD at draw point Fig. 9. LHD at ROM bin. 
The only weakness occurs at sharp intersections where 
the autonomous LHD must travel slowly to “see” around 
the comer. An experienced human driver can drive more 
aggressively around a blind comer because they can 
remember the profile of the tunnel from a previous run. 
This is a small penalty to pay for having no map, however 
some form of local map of each intersection could be 
added and leamt online. 
B. Underground results 
The second phase of the project was to establish 
whether the vehicle would perform in the same manner 
under operational conditions. For this series of tests, 
the LHD was transported to an operational underground 
mine. The mission control computer was connected to the 
existing mine communications infrastructure (leaky feeder 
- a 1200 baud RF communications system). The system 
was up and running in less than two days. A section of 
tunnel, 1 5 h  in length was isolated for the test. For half 
a day the vehicle was driven up and down the test tunnel 
to acquire data to generate the relevant driving hints. In 
the main test the vehicle drove autonomously for an hour, 
periodically switching back to the tele-remote system to 
dig and dump ore. At one stage a Palm Pilot was used 
to enter driving hints, demonstrating the simplicity and 
independence of the control communications. During the 
demonstration a video record was taken from the LHD. 
In Figure 8, the LHD is shown in front of a draw point 
(where ore is loaded). In Fi-we 9, the LHD is shown in 
front of a ROM bin (where ore is dumped). The distance 
between these two points is normally greater than 100m. 
At no stage during these underground uials did the LHD 
touch the walls. 
IV. DISCUSSION 
To reiterate, both absolute and reactive navigation tech- 
niques have been, and are being developed to guide au- 
tonomous vehicles in mine tunnels. Traditional approaches 
to absolute navigation (non-SLAM approaches) are blind 
to their environment - the control of the vehicle is 
inferred from the position of the vehicle, rather than what 
the sensors tell it about the position of the walls. Such 
techniques are therefore highly dependent on the accuracy 
of both the localization and the map - any error may 
cause the vehicle to collide with a wall. 
Reactive navigation is far more robust since the vehicle 
is controlled by the actual free space perceived in front of 
the vehicle. The vehicle is able to move at high speeds 
without any knowledge of its global position, however 
such knowledge is essential if the vehicle is to be pur- 
poseful and choose the appropriate path at an intersection. 
Opportunistic localization implies the vehicle knows only 
the segment of the route on which it is travelling and the 
identity of the next node. Furthermore, knowledge of the 
vehicle’s position allows the vehicle to operate at speeds 
higher (or lower) than the free-space would recommend 
(e.g. on long curves, or bumpy terrain). 
The split between control and localization, highlights 
one of the main differences between absolute and reactive 
navigation. Using absolute navigation, vehicle control can 
only he achieved after the vehicle’s absolute location has 
been established. The two routines are tied together; they 
are synchronous. The vehicle cannot be controlled if there 
is a prohlem with localization. In many situations, the task 
of localization can he very difficult. It can be computation- 
ally expensive and requires redundant information to make 
it robust. To improve the reliability of finding landmarks, 
infrastructure is added to the environment (e.g. reflecting 
beacons). 
On the other hand, with reactive navigation, vehicle 
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control and localization are “decoupled”, the vehicle 
control can run independently, and at a much higher 
bandwidth than localization. This is critical for high- 
speed autonomous vehicles. In practice, vehicle control 
is a low-level process performed at a high bandwidth, 
while localization is a high-level process performed at a 
much lower bandwidth. Since localization is not critical to 
vehicle control, then its reliability and robustness is less 
important. Thus, it may be possible to navigate without 
any localization infrastructure. In this trial we were able 
to use the intersections themselves as landmarks. This is 
shown in Figure 10 where skeletonization of the free space 
in front of the vehicle is used to identify the Y-junction. 
Fig. 10. Sbletanizatian of Y-junction 
V. SUMMARY 
The results so far are very promising. Our autonomous 
LHD is close to the performance of a human operator 
around ow test mine. The system has also been success- 
fully demonstrated underground at a real mine. Again, 
the vehicle was able to operate at full-speed through a 
typical production cycle without localization infrastructure 
or physical changes to the mine tunnels. In the trials that 
we have conducted, we have shown that: 
a reactive navigation can control a high-speed 
0 opportunistic localization is sufficient to navi- 
mining vehicle, 
gate underground, 
a under most conditions our system can equal the 
it can operate with no localization infrastruc- 
a 2D scanning lasers are currently the sensor of 
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